Using human ␥-aminobutyric acid type A (GABA A ) receptor subunit combinations, expressed in cell lines and Xenopus laevis oocytes, the pharmacology of a number of ligands interacting directly with the GABA recognition site has been studied in [
spectively, was observed. Whereas antagonists showed comparable potencies in binding and functional studies, the potency of agonists in binding studies was generally two to three orders of magnitude higher than the agonist potencies measured electrophysiologically. 5-(4-Piperidyl)isothiazol-3-ol, which behaves as a low efficacy partial agonist at GABA A receptors in cultured cortical neurons, showed no efficacy in oocytes, but produced pure antagonist effects with a binding/ functional affinity ratio between those observed for the agonists and antagonists. It is concluded that the GABA A receptor mechanisms transducing binding into physiological response, but not the binding per se, is dependent on the receptor subunit composition.
The GABA A receptor complex is believed to be a heteropentameric assembly of transmembrane protein subunits, which exist in several forms and/or splice variants. At present, several families of GABA A transmembrane proteins have been identified: ␣1-6, ␤1-3, ␥1-3, ␦, and ⑀ (1-13). The composition and configuration of native GABA A receptor complex(es) are as yet largely unknown, although a large body of experiments indicates that a prerequisite for full functionality of GABA A receptors is the presence of ␣, ␤, ␥, ␦, or ⑀ subunits (14, 15) . We have shown previously that both the EC 50 and relative efficacy of GABA agonists are highly dependent on subunit composition of recombinant GABA A receptors (16) . Photoaffinity labeling and mutagenesis studies have identified amino acid residues located on both the ␣ and ␤ subunits, essential for the binding of the agonist radioligand [ 3 H]muscimol or receptor activation (17) (18) (19) , suggesting that the GABA binding site is formed at the interface between these receptor subunits.
To determine if the large variations in EC 50 values and relative efficacies described in our previous study (16) were reflected in the binding properties as measured in [ 3 H]muscimol binding, we now have carried out studies on the relationship between binding affinity, functional EC 50 , and GABA A receptor subunit composition, using a series of GABA A receptor ligands so that they covered a large variation in affinity, structure, and relative efficacy. Thus, the highly flexible molecule GABA, the conformationally restricted GABA analogues muscimol and thiomuscimol, where the terminal carboxyl group of GABA has been replaced by the 3-hydroxyisoxazol and 3-hydroxyisothiazol group, respectively, were chosen as full agonists (Fig. 1) . As partial receptor agonists the restricted GABA analogues THIP and P4S, which have been demonstrated previously to be partial agonists at recombinant human GABA A receptors (16, 20) , and Thio-4-PIOL, a low-efficacy partial agonist at the native GABA A receptor in cultured cortical neurons (21) , were chosen. Bicuculline and SR95531 (22) were selected as competitive GABA A receptor antagonists (Fig. 1) . GABA A receptor least 3 min of wash time was allowed between each agonist application to prevent desensitization. Data from each oocyte were analyzed with respect to the maximum response, relative to either the plateau level for a full concentration-response curve for GABA or the response to 3 mM GABA (no difference). Concentration-response curves were calculated using a nonlinear squares fitting program to the equation f(x) ϭ B max /(1 ϩ (EC 50 /x) n ) where EC 50 is the concentration of drug eliciting a half-maximal response, x is the drug concentration, and n is the Hill coefficient. Antagonist experiments were carried out with three to five concentrations of GABA followed by three to five concentrations of GABA in the presence of the antagonist. The shift of the dose-response curve to GABA was determined in the response range, where the two obtained curves were parallel. The dose ratio, calculated as the ratio between the concentration of GABA in the presence and absence of antagonist, was transformed to a K i value by the equation: log (dose ratio
Values presented are mean values Ϯ standard error of at least four individual experiments. Thio-4-PIOL, muscimol, thiomuscimol, P4S, and THIP were synthesized as described previously (26 Tables 2 and 3 . In general, only small differences in K i values were observed between different subunit combinations. Thus, a maximum difference of approximately 10-fold in affinity between all subtypes examined was observed. However, from these data, a pattern of agonist and antagonist preferring subtypes was evident.
Effects of different ␣ subunits. The standard GABA A agonists, GABA, muscimol, thiomuscimol, THIP, and P4S, had the highest affinity for the ␣6/␣5-containing GABA A receptors and the lowest affinity for the ␣2/␣3-containing receptors, whereas the antagonists, Thio-4-PIOL, bicuculline, and SR95531, had the highest affinity for the ␣2/␣5-containing receptors and lowest affinity for the ␣6-containing receptor. A rank order correlation of the affinity for all the agonists gave ␣6 ϭ ␣5 Ͼ ␣1 Ͼ ␣3 Ͼ ␣2, whereas the rank order for antagonists was ␣2 ϭ ␣5 Ͼ ␣3 Ͼ ␣1 Ͼ ␣6. By plotting the rank order of affinity versus subunit it was observed that with the exception of ␣5, an inverse relationship was maintained for agonist versus antagonists (Fig. 3) . Effects of different ␤ subunits. The compounds were studied at receptors containing a constant ␣1␥2 with varying ␤ subunit composition. Only minor differences in affinities of the compounds for the different ␤ subunits were detected. Thus, a 10-fold difference in K i value was seen for thiomuscimol between ␣1␤1␥2 (6.6 Ϯ 0.04) and ␣1␤3␥2 (7.6 Ϯ 0.03), whereas only minor differences were seen for the other compounds. The compounds had in general highest affinity for the ␤3-containing receptors, and slightly weaker affinity for ␤1-and ␤2-containing receptors. No significant difference in selectivity was observed between agonists and antagonists.
Electrophysiology. GABA A agonists were characterized with respect to their EC 50 value and maximum response relative to the full agonist GABA (Fig. 4A ). Antagonists were characterized with respect to their pK i value, using the shift of the GABA concentration-response curve in oocytes injected with cDNA encoding for the same GABA A subunits as those expressed in the cell lines (Fig. 4B) . Results for agonists and antagonists are summarized in Tables 2 and 3, respectively. Effects of different ␣ subunits. Concentration-response curve analysis demonstrated that the potency of GABA agonists, THIP, P4S, thiomuscimol, muscimol, GABA, varied with the type of ␣ subunit incorporated into the GABA A receptor complex. A larger variation in affinity was seen in oocytes compared with that found in binding. Thus, a maximum ratio between the highest and lowest affinity of 50 times was observed. In agreement with results from the binding experiments, the agonists showed a similar profile in ␣ subunit selectivity, the highest potency being at ␣6-containing receptors, slightly higher than that at ␣5/␣2-containing receptors. The lowest EC 50 was seen at ␣3-containing receptors. The rank order of potency for all agonists was ␣6 Ͼ ␣5 ϭ ␣2 Ͼ ␣1 Ͼ ␣3.
SR95531, bicuculline, and Thio-4-PIOL were shown to be competitive antagonists, producing a parallel shift of the GABA concentration-response curve. Thio-4-PIOL, which has been characterized previously as a partial GABA A agonist in dissociated neurons (21) , had no agonist activity on any of the combinations studied, and was therefore characterized as an antagonist. In contrast to the agonists, the antagonists showed little difference in K i between receptors containing different subunits. The three antagonists studied covered a range of potencies from thio-4-PIOL which had an average K i of 25 M, bicuculline which had a K i of 1.8 M, and SR95531 with a K i of 0.15 M. Thio-4-PIOL and SR95531 did not distinguish between different subunit combinations, whereas bicuculline was unique in showing a significantly lower affinity at the ␣6␤3␥2 receptor (8.5 M, p Ͻ 0.001) compared with other ␣-containing receptors.
Effect of different ␤ subunits. Variations of the ␤ subunit when expressed as the combination ␣1␤x␥2, where ␤ is ␤1, ␤2, or ␤3, had no significant effect on agonist or antagonist affinity. SR95531 was the most potent antagonist, followed by bicuculline, and Thio-4-PIOL being the least potent. To investigate if the significantly lower potency of bicuculline at ␣6␤3␥2-containing receptors compared with other ␣-containing receptors was due to a unique quality of this receptor combination, SR95531, bicuculline, and Thio-4-PIOL were further characterized as functional antagonists in oocytes injected with either ␣6␤x␥2 or ␣3␤x␥2, using the three different ␤ subunits (Fig. 5A and Table 3 ). None of the three compounds showed significant differences in K i value between ␣3␤1␥2, ␣3␤2␥2, and ␣3␤3␥2. However, variation of the ␤ subunit and combination with ␣6␥2 showed that bicuculline was significantly weaker at ␣6␤3␥2 receptors compared with ␣6␤1␥2 or ␣6␤2␥2 receptors, whereas SR95531 and Thio-4-PIOL showed no difference in affinity as a function of the variation in subunit composition (Fig. 5B) .
Correlations and comparisons between binding data and oocyte data. The functional pEC 50 (agonists) or pK i (antagonists) values for all compounds in all subunit combinations from electrophysiological recording in oocytes, was plotted as function of the pK i values obtained in the binding assay (Fig. 6) . A high correlation between data in the two test systems was obtained, with R for agonists being 0.80 and for antagonists 0.95. The absolute antagonist affinities were similar in both assays; however, the agonist affinities maintained their correlation but were approximately 1000-fold different in the two assay systems. The antagonists displayed less subunit-dependent variation than did the agonists in both assays. Thio-4-PIOL did not correlate well for either the antagonists or agonists, and fell between the two groups (Fig.  6) . One possible reason for this discrepancy may be that although Thio-4-PIOL behaves as an antagonist, it is structurally more closely related to the agonists, and shows a relatively higher affinity in [ 3 H]muscimol binding experiments.
Discussion
Molecular pharmacological studies on the GABA A receptor complex have focused mainly on the benzodiazepine binding sites (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) , and in a number of studies [ 3 H]TBPS, which interacts with a site near or within the chloride channel (28), has been used as a tool to study agonists and antagonists (29, 30) . In continuation of previous studies (16), the present investigations were directed toward the GABA binding site of ]muscimol binding sites revealed that small but statistically significant differences in binding affinities for a range of compounds were observed using recombinant GABA A receptors containing different ␣ or ␤ subunits. The observed variation in affinity as a consequence of varying the ␣ subunit may be interpreted as evidence that the ␣ subunit forms part of the binding site for both agonists and antagonists. Alternatively, the binding site for both agonists and antagonists could be located on one receptor subunit with the ␣ subunit exerting an allosteric effect on the GABA binding site, thereby modulating the affinity for the ligands. Based on binding studies it is impossible to distinguish between these possibilities. Further, it appears that the ␣ subunit-dependent affinity of agonists and antagonists is related to each other in a reciprocal fashion (Fig. 2) , suggesting that the ␣ subunit not only serves as the co-determinant of potency, but also as an "agonist/antagonist selectivity filter." Thus, agonists generally are most potent at ␣6-containing receptors, and weakest at ␣2-containing receptors, whereas the converse was observed for antagonists. The subunit-dependent profiles of the partial GABA A agonists, THIP and P4S, which have been shown previously to express variable degrees of efficacy in oocytes containing different ␣ subunits (16) , show the characteristics of GABA A agonists in the present studies (Fig. 3) . Interestingly, P4S has been shown to act as an antagonist at ␣4␤1␥2 GABA A receptors expressed in oocytes (23) .
Thio-4-PIOL, which has been shown previously to act as a low efficacy partial GABA A agonist at native GABA A receptors in cultured cortical neurons (21) , shows the characteristics of a competitive antagonist at GABA A receptors expressed in oocytes. Nevertheless, in the correlation of binding affinity with function (Fig. 6) , Thio-4-PIOL shows a behavior intermediate between the agonists and the antagonists. Thus, in agreement with previous observations (16) , there is no obvious correlation between agonist affinity and efficacy, and the mechanisms determining efficacy remain to be elucidated.
The nature of the ␤ subunit also is a determinant of the GABA A receptor ligands under study. However, in contrast to the observed effects at the ␣ subunit (Tables 2 and 3) , none of the compounds, except bicuculline, showed significant subunit selectivity (Fig. 5B) . Inasmuch as the ␣6␤3␥2 subunit combination may represent a native GABA A receptor in brain (31) (32) (33) , the low affinity of bicuculline for this receptor configuration is interesting. pK B values for bicuculline on ␣1␤1␥2 and ␣1␤1 have been reported as 5.9 (34), a value similar to most combinations in this study. To establish if the reduced receptor affinity at ␣6␤3␥2 was due to a specific quality of the ␣6 or ␤3 subunit receptor composition, bicuculline was further characterized at ␣6␤x␥2 and ␣3␤x␥2 combinations. From these studies it was apparent that the low affinity actually was specific to the combination ␣6␤3␥2, rather than a property of any individual subunit, as all other combinations had a significantly higher affinity.
Although the effects of the ␥ subunit have not been mapped out in this study, published data suggest that muscimol, GABA, bicuculline, and SR95531 affinity are not significantly affected by changes in ␥ subunit structure (14) . The rank order of potency observed in subunit affinity using [ 3 H]muscimol binding for agonists is similar to that seen when measuring the EC 50 in X. laevis oocytes; however, in the functional assay, the absolute values are 2-3 orders of magnitude lower. This suggests that the two measures are reflecting the same subunit-dependent phenomena.
Several amino acids have been implicated in the GABA A binding site. The primary interaction on the ␣ subunit is with Phe64, which is conserved in all ␣ subunits (17, 19) . On the ␤ subunit, two regions have been found to be critical for agonist and antagonist affinity, a YGXT and a TGXY motif in the amino terminus of the peptide have been proposed to form part of the GABA binding site (18) . These motifs are identical in all of the ␤ subunits.
The difference of two to three orders of magnitude in binding affinities and functional potencies seen for the agonists is consistent with other studies, and is a common feature of agonist profiles at other ligand-gated ion channels (35, 36) . Several hypotheses have been suggested to account for this.
Relevant to this phenomenon may be the detection of a high and low affinity binding site for GABA (37) . Whereas the low affinity site appears to be the functionally relevant recognition site, the role of the high affinity site remains unclear, although it may be related to the desensitized state of the receptor. Our observations of the same trend in subunit af- related to the transduction process might account for the larger apparent differences between subunits. This is supported by observed differences in channel kinetics between ␣1␤2␥2 and ␣3␤2␥2 (38) , where the presence of ␣3 slowed activation, desensitization, and deactivation. Further evidence for this comes from studies on GABA receptors, as well as other ligand-gated ion channels, where mutations in the ion channel region that affect channel gating can result in up to 1000-fold increases in receptor affinity (39 -41) .
In determining K i values for the antagonists using oocytes, shifts of the GABA concentration-response curves were used. This means that the subtype selectivity for the agonist GABA has already been taken into account. Thus, the shift in the dose-response curve is purely a consequence of the antagonist affinity for the receptor complex. Using this method, the data demonstrate that, unlike agonists, a minor difference in antagonist K i is observed when the subunit composition is varied. Similarly, the affinities correspond well with those found using [ 3 H]muscimol binding to the same receptor combinations.
In conclusion, data presented here provide evidence for the role of the ␣ subunit in the GABA A receptor as a co-determinant of ligand binding affinity and a determinant of receptor selectivity for agonists or antagonists. Furthermore, the data clearly demonstrate that whereas the GABA A receptor mechanisms transducing binding into a physiological response is highly dependent on the receptor subunit composition, the binding step of receptor ligand interaction may play only a minor role in the subunit dependency of GABA ligand potency. 
